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Abstract
A model for the tendency of fragmentation of a long rod projectile subjected to armour components in add-on armours such as reactive armour
and active protection systems is presented. The model is based on studies of the interaction between a cylindrical streamlined projectile and moving
thin plates (backwards moving like the front plate in a reactive armour panel and forwards moving like the rear plate in a reactive armour panel).
The assumption behind the model is that the sliding force, with velocity vslide between the projectile and the plate, gives rise to a transverse velocity
vtrans of the projectile segment it passes, which will deflect the projectile segment. This deflection is assumed to be a major reason for the fractures
that can emerge along the projectile. The velocity, geometry and material of the projectile and the plate are of importance for the fragmentation
of the projectile and the dimensionless parameter δˆ = v vtrans slide expresses how these parameters influence the break-up tendency. Experiments
and simulations have verified that the identified δˆ -parameter predicts an increased amount of fragmentation of the projectile with increasing value
of this parameter.
© 2016 Production and hosting by Elsevier B.V. on behalf of China Ordnance Society.
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1. Introduction
The high penetration capability of modern KE projectiles
has resulted in a need for armour components that are able to
disturb or fracture a projectile before it hits the main armour on
the target. As fracture is a principal defeat mechanism, it is
essential to know the influence of different parameters on the
ability of the armour to fracture the projectile. Moving oblique
plates that constitute an essential part in reactive armour have
been used as an example of an armour component that can act
against the projectiles. An analytical model that describes how
the geometry, material and velocity of the projectile and plate
influence the tendency of fragmentation of a long rod projectile
subjected to moving oblique plates has been suggested.
The model is based on several streamlined experiments and
numerical simulations of the interaction between long rod pro-
jectiles and moving oblique plates. In Refs. [1,2], the influence
of different plate and projectile parameters such as plate veloc-
ity vplate, plate thickness tplate and plate obliquity α (angle
between the plate normal and the axis of the projectile), and
projectile velocity vproj and length to diameter ratio L d on the
fragmentation of the projectile was experimentally investigated.
The parameters studied were plate velocity −300 to 300 m/s
(positive value for plates moving towards the projectile and
negative for plates moving away from the projectile), in steps of
100 m/s, plate thickness 0.5, 1 and 2 times the projectile diam-
eter, plate obliquity 30°, 60° and 70°, projectile velocity 1500,
2000 and 2500 m/s, projectile length to diameter ratio 15, 30
and 45. The shape and motion of the residual projectiles were
determined and the effect of the interaction was quantified in
terms of change in length, velocity, angular momentum, linear
momentum and kinetic energy. The parameters found to have
the largest influence on the disturbance of the projectile were
the plate velocity, in particular its direction, and the thickness of
the plate.
The performed experiments were used to find a numerical
simulation model that accurately reproduces the experimental
results [3]. As the transition from a non-fractured to a severely
fractured projectile was captured, as well as the deformation
and rotation of the projectile and its fragments, and the loca-
tions of fractures, agree well with the experimental results, the
simulation results could be used to further analyse the differ-
ences between the cases studied.
The performed experiments showed that backwards moving
plates (direction similar to the front plate in a reactive armour
panel) did not, in any of the cases, fragment the projectiles
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while forwards moving plates (direction similar to the rear plate
in a reactive armour panel) did, if the load was adequate. The
difference in the interaction mechanisms between a projectile
and a backwards moving plate compared to a forwards moving
plate was specially studied with the use of the simulation results
[3]. The conclusion was that the larger effect on the projectile of
a forwards moving plate than of a backwards moving plate is
due to the longer interaction time and the larger thickness of the
supporting plate material at the exit side of the plate.
In order to further investigate the influence of the duration of
contact T between the plate and the projectile, numerical simu-
lations were performed [4] where the test parameters were
chosen to give certain values of the duration of contact
T
t
v
= eff
slide
(1)
where t teff plate= cosα and the sliding velocity is defined as
v v vslide proj plate= + cosα (2)
The plate thickness tplate and projectile velocity vproj were
chosen to give the same duration of contact in the cases of
forwards and backwards moving plates, which meant plate
thicknesses 1.75 and 2.5 times the projectile diameter and
the projectile velocities between 1300 and 2500 m/s. The
plate angle α, the magnitude of plate velocity vplate and
the projectile slenderness L d were kept constant (α = °60 ,
vplate m s= 200 , L d = 30) in order to eliminate the
influence of the lateral stress. Under these conditions, a parameter
δ, set as the relation between the duration of contact and the
sliding velocity
δ = =
( )
T
v
t
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was identified to be a better indicator for fragmentation of the
projectile than the duration of time. The amount of
fragmentation of the projectile in the simulations increased
with increasing value of the δ-parameter in all the cases studied
and fragmentation of the projectile was possible also for
backwards moving plates. Furthermore a comparison with
available experiments from Ref. [2] confirmed this relation. The
available experiment, performed with test parameters that
corresponded to the parameters in this study, corresponds to
δ-values between 0.5 and 5.0 μs2/mm. However there was a lack
of data in the critical interval of δ = 2.3–4.7 μs2/mm in which
the result changed from non-fragmented to fragmented
projectiles. Experiments with parameters in this interval have
therefore been performed to further verify the model.
The δ-parameter shows how the sliding of the plate along the
projectile influences the tendency of projectile fragmentation.
However the δ-parameter as suggested in Ref. [4] is dependent
on the geometric scale and the influence of the lateral stress was
not considered. In order to improve the model, the δ-parameter
is first given a dimensionless form δˆ with the use of the physi-
cal assumptions of the fracturing process that the δ-model was
based on and further assumptions on the influence of the trans-
verse velocity. In order to expand the model to illustrate also the
influence of the lateral stress, experiments and simulations were
performed where the plate velocity was varied while the
δˆ -parameter was kept constant. Finally, the influence of the
strength of the steel plate material was studied by experiments
with a high hardness armour steel and a maraging steel and
numerical simulations. With the use of all the experimental and
numerical simulation results, the interaction mechanisms have
been interpreted, and based on analytical considerations, a
model that describes the governing parameters for the break-up
tendency of long rod projectiles is presented.
2. The analytical model
Experiments and simulations have shown [1–3] that the
fragmentation of the projectile occurs due to the load from
the continuous sliding of the plate along the length of the
projectile. The assumptions behind the model is that the sliding
force between the projectile and the plate, moving with velocity
vslide , gives rise to a transverse velocity vtrans of the projectile
segment it passes which will deflect the projectile an angle
θ = ( )arctan gv vtrans slide . The correction factor g is on the
order of 1 and accounts for second order influence parameters
such as bending stiffness of the projectile. The deflection of the
segment is the origin to the fractures but the fracture will not
occur immediately when the plate passes the segment. The
inertia of the projectile will counteract the bending and the
fracture occurs when the projectile bends back.
If a projectile segment with length dl, diameter d and
mass d dm d l= ρ π4 2 is considered, the transverse velocity
of the projectile segment can be written as v Tf lm
x
trans
d
d= ,
where f lxd is the transverse force on the segment,
f l x dS p d lx nd * d= ∫ ⋅ =σ ˆ , and p* is the averaging contact
pressure over the contact area, see Fig. 1.
With these considerations, together with Eqs. (1) and (2), the
deflection parameter can be defined as
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An expression for how the contact pressure p* depends on
the plate velocity and the material response in the plate and
projectile has to be determined. As can be seen from the experi-
ments [2], the envelope surface of the projectile will not be
deformed during the interaction and the penetration channel in
the plate has a key-hole shape with an initial hole originating
from the projectile impact and an additional slot created by the
sliding projectile. While the initial hole has the approximate
diameter 1.5 times the projectile diameter; the slot from the
sliding projectile has the width of the projectile diameter. We
therefore assume that the pressure required for the projectile to
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create a cylindrical cavity in the plate with the same diameter as
the diameter of the projectile, the “cavity expansion pressure”,
can be used as an approximation for the contact pressure.
If the plate is fairly thin, the sliding interaction can be
approximated as a plain stress event. An ordinary differential
equation for the cavity expansion power sC for plain stress
states has been analysed in Ref. [5]. A diagram for determina-
tion of the cavity expansion power sC is given for materials that
fulfil the hardening law ε
σ σ
σ
σ
p
y e
y
e= ( ) −E n E
1
, where εp is the total
effective plastic strain, σ y is the yield strength, E is the elastic
modulus, σ e is the von Mises effective stress, and n is the
strain-hardening exponent (fig. 7 in Ref. [6]). With that diagram
and the stress–strain curve for the plate material used, the
required cavity expansion power sc can be determined. In our
numerical part of the study, the Johnson–Cock strength model,
σ εe p
m= +A B , was used as the hardening law for the plate
materials. The parameters σ y and n were determined with a
least square matching, after which the cavity expansion power
sc was determined from the diagram in Ref. [6].
For the plate velocities considered here, strength effects
dominate over inertia effects. Therefore, the contact pressure is
assumed to be independent of the plate velocity.
Using the cavity expansion pressure as the average contact
pressure over the contact area (half the envelope surface of the
projectile), we achieve a model that describes the important
parameters for the break-up tendency of long rod projectiles
induced by an oblique moving plate with one term for
the projectile and plate material properties, one for the projec-
tile and plate velocities, and one for the projectile and plate
geometries
ˆ ,δ
πρ
= =
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3. Experiments
A number of experiments have been performed for the
evaluation of the presented model. The experimental cases used
in this study are compiled in Table 1. All the experiments were
performed by using reverse impact tests as described in Ref.
[2]. An oblique steel plate (α = °60 between the normal of the
plate and the axis of the projectile), which constituted an inte-
gral part of a 30 mm diameter sabot, was launched towards a
stationary tungsten projectile inclined in a pre-set angle in front
of the muzzle of a two-stage light-gas gun, see Fig. 2. With this
arrangement, the case with two moving objects (a moving plate
impacting a high-velocity projectile) was transformed into an
equivalent case with only one moving object (a high-velocity
plate impacting a stationary projectile). The projectiles were
flat-ended cylinders with length to diameter ratio L d = 30. In
the first series of experiment the diameter of the projectile was
3 mm while in the following series a 2 mm projectile diameter
was used. All the parameters in the tests with smaller projectile
diameter were scaled by using replica modelling. Data for the
projectile and plate materials are given in Table 2. In most of the
tests a reference RHA steel material (SIS 2541-03M) was used
for the plates. In some tests, where the influence of plate mate-
rials was studied, a high-hardness steel (Armox 600T) and a
maraging steel (W725) were used. The cavity expansion pres-
sures sC for the three different plate materials were evaluated to
be 2.4 GPa, 4.2 GPa and 4.7 GPa, respectively.
As the experiments are performed as reverse impact experi-
ments, the geometry in the set-up, such as the plate angle and
projectile yaw, is fixed. There can be small variations in the sabot
velocity that influence proportionally on the plate and projectile
velocity. At least two tests of every case were performed. The
overall response (deflection and break-up) on the projectile from
the interaction with the moving plate is similar in tests with the
z
p*
dl
x
θ
d
x teff
v
slide
Lz1
v
slide
z1
vtrans
Fig. 1. Considered case with an extended load p* moving along the projectile with velocity vslide. The load effects a projectile segment with length dl and diameter
d and gives rise to a transverse velocity vtrans of the segment that will deflect the projectile an angle θ.
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Table 1
List of performed experiments. Nominal test parameters and in the experiments achieved impact parameters.
Test No. Nominal impact parameters Achieved impact parameters
t Dplate vplate m s⋅( )−1 Plate material vproj m s⋅( )−1 δˆ vplate m s⋅( )−1 vproj m s⋅( )−1 δˆ
Effect of increasing δˆ 556 0.5 200 RHA 2000 0.03 209 2094 0.03
546 1.0 200 RHA 2500 0.04 197 2461 0.04
497 1.0 200 RHA 2000 0.06 198 1979 0.06
554 0.5 −200 RHA 2000 0.07 −203 2029 0.07
540 1.0 200 RHA 1500 0.10 201 1505 0.10
548 2.0 200 RHA 2000 0.12 202 2018 0.12
511 1.0 −200 RHA 2000 0.13 −207 2070 0.13
693 1.75 200 RHA 1500 0.17 200 1498 0.17
697 1.75 −200 RHA 2300 0.17 −199 2287 0.17
695 2.5 −200 RHA 2400 0.22 −201 2415 0.21
702 2.5 200 RHA 1600 0.22 193 1540 0.23
559 2.0 −200 RHA 2000 0.27 −205 2047 0.26
549 1.0 −200 RHA 1500 0.29 −205 1536 0.27
Effect of increasing plate velocity 699 1.75 300 RHA 1300 0.17 297 1285 0.17
693 1.75 200 RHA 1500 0.17 200 1498 0.17
700 1.75 100 RHA 1700 0.17 97 1644 0.18
701 1.75 −100 RHA 2100 0.17 −100 2089 0.17
697 1.75 −200 RHA 2300 0.17 −199 2287 0.17
712 1.75 −300 RHA 2500 0.17 −297 2478 0.17
Effect of plate material 497 1 200 RHA 2000 0.06 198 1979 0.06
606 1 200 MS 2000 0.12 206 2060 0.11
511 1 −200 RHA 2000 0.13 −207 2070 0.13
713 1 −200 HH 2000 0.24 −194 1937 0.25
609 1 −200 MS 2000 0.26 −206 2060 0.25
Contact area size 507 1 300 RHA 2000 0.05 297 1980 0.05
508 1 100 RHA 2000 0.07 113 2260 0.06
509 1 −100 RHA 2000 0.11 −98 1958 0.11
505 1 −300 RHA 2000 0.18 −293 1963 0.18
X-ray flashes for sabot
velocity and rotation
X-ray flashes for residual
projectile in horizontal plane
Projectile and fixture
Sabot with
oblique plate
Light gas gun barrel
X-ray flashes for residual
projectile in vertical plane
Positioning
instrument
Film cassettes
Film cassettes
X-ray flashes for penetration
channel in plate
Fig. 2. Experimental set-up for reverse impact tests. Details of sabot with oblique plate (not shown in the overall picture), projectile and fixture.
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same nominal test parameters, even when the projectile is heavily
fragmented, some examples are shown in Fig. 3. Only one of the
test results from each case is presented in the paper. The test with
smallest deviation from the nominal sabot velocity is chosen. In
Table 1 both the nominal test parameters and the plate and pro-
jectile velocities achieved in the experiments, and corresponding
values of the δˆ-parameter, are listed.
First there is a set of experiments used for verification of the
increasing fragmentation of the projectile with increasing
δˆ -parameter. In these tests the plate thickness tplate and projec-
tile velocity vproj were varied to achieve increasing values of δˆ ,
while the magnitude of plate velocity vplate was kept constant
in order to eliminate the influence of the lateral stress. Both
forwards and backwards moving plates were included.
The next group of experiments was used for evaluation of
the influence of plate velocity on the break-up tendency of the
projectile at constant δˆ . The plate velocity was varied between
−300 m/s and 300 m/s in steps of 100 m/s, while the plate
thickness was kept constant. The projectile velocity was varied
in order to keep the δˆ-parameter constant.
The third group of experiments was used for evaluation of
the influence of plate material. All the other test parameters,
plate thickness, projectile velocity and magnitude of plate
velocity vplate , were kept constant. Both forwards and back-
wards moving plates were included.
During the experiments the geometry and motion of the
projectile after the interaction with the plate were registered
with X-ray flashes both in the plane where ideally all motion
should take place and in the perpendicular control plane. There
were three registrations of the projectile after the initial contact
between the plate and the projectile (150, 225 and 300 μs or
100, 150 and 200 μs, depending on the scale) and, in addition,
a pre-launch exposure of the projectile was made as a reference.
The X-ray pictures were evaluated with an in-house evaluation
code which produces pictures of the projectile adjusted with
regard to the positions of the X-ray flashes. The code also
quantifies the geometry, inertial properties and motion of the
projectile and its constituents [1].
In some tests, a registration of the sabot with the integrated
plate was included in the X-ray pictures. (In the standard tests
the sabot has passed away from the registration area at the time
of registration.) These tests were used for observations regard-
ing the size of the contact area between the projectile and the
penetration channel in the plate, and are listed as the last group
of experiments in Table 1.
4. Numerical simulations
Simulations that reproduce the experimental results were
performed in order to analyse the interaction mechanisms,
especially the contact forces between the plate and the projec-
tile that are not possible to measure time-resolved in the experi-
ments. The scale in the simulations corresponds to the 3 mm
diameter projectiles. A simplified geometrical model of the
sabot with the integrated plate were used, see Fig. 4(a). All
simulations were performed with LS-DYNA version 971 [7]
and the numerical simulation model used is described in detail
in Ref. [3].
For the projectile, a Lagrange formulation with a butterfly
mesh for the circular cross section and an element size of
approximately 0.30 mm was used (10 elements over the diam-
eter of the projectile), while for the plate, a multi-material ALE
formulation (steel and vacuum) and elements with uniform size
0.25 mm was used. The mesh resolution study presented in Ref.
Table 2
Data for projectile and plate materials.
Projectile Plate
Reference steel
RHA
High hardness
HH
Maraging steel
MS
Material Tungsten Y925 SIS 2541-03 M Armox 600T W725
Producer Kennametal Hertel Imatra steel SSAB Böhler
Density/(kg·m−3) 17,700 7,820 7,850 8,100
Yield stress/MPa 1,300 831 1,580 2,350
Ultimate stress/MPa 1,350 968 2,040 2,400
Hardness – 286 HB 570–640 HB 59 HRC
Tungsten/wt% 92.5 – – –
=0.17
vproj=2300m/s, vplate=-200m/s, tplate=5.25mm
=0.21
vproj=2400m/s, vplate=200 m/s, tplate=7.5mm
vproj=2287 m/s 
vplate=-199 m/s 
vproj=2415 m/s 
vplate=-201 m/s 
vproj=2313 m/s 
vplate=-201 m/s 
vproj=2413 m/s 
vplate=-201 m/s 
Fig. 3. Examples of the reproducibility of the experimental test results. To the
left: Two tests (test #697 and 705) with nominal the same test parameters
(vproj = 2300 m/s, vplate = −200 m/s, tplate = 5.25 mm). The achieved velocities
were slightly less in test #697 compared with test #705. To the right: Two tests
(test #695 and 704) with nominal the same test parameters (vproj = 2400 m/s,
vplate = −200 m/s, tplate = 7.5 mm). The achieved velocities were very similar in
the two cases.
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[3] shows that the used resolution captures the significant fea-
tures adequately. For the Lagrangian part of the model, a
numerical erosion criterion set at 150% plastic strain was used
to eliminate heavily deformed elements. The Grüneisen equa-
tion of state [7] and von Mises’s yield criterion with associated
flow rule were used for both the plate and the projectile.
The Johnson–Cook strength model [8] was used with param-
eters for the projectile material and the reference steel plate was
taken from Ref. [3]. Fractures in an element in the projectile
and the plate are postulated to occur when the accumulated sum
of incremental equivalent plastic strain divided by the equiva-
lent plastic strain at fracture equals one. Then the yield stress is
set to zero and the material can withstand only hydrostatic
positive pressure. For the reference plate material, the critical
value of the equivalent plastic strain is defined by the Johnson–
Cook fracture model [9], while for the projectile it is defined by
the Xue-Wierzbicki model [6]. For the high-hardness steel, the
Johnson–Cook strength model with parameters from Ref. [10]
was used. In this case no fracture parameters were available so
fracture in the plate was not considered.
The presented analytical model describes the continuous
interaction between a projectile segment and the sliding plate.
In order to further analyse the contact pressure and the appro-
priateness in using the cavity expansion power sc as measure-
ment for the contact pressure, simulations were performed with
a rigid projectile subjected to a plate impacting perpendicular
as a guillotine, see Fig. 4(b).
5. Experimental and numerical results
5.1. Relation between the δˆ-parameter and the break-up
tendency of the projectile
The presented model is based on the assumption that the
sliding force between the projectile and the plate gives rise to a
deflection of the passing projectile segment with angle
θ δ= ( )arctan g ˆ . This assumption is confirmed by numerical
simulations that indicate that the sliding load from the plate gives
rise to a momentary deflection of the projectile segment during
the passage, and thus a strongly localized bending of the
projectile, at the exit side of the interaction zone, see Fig. 5. In
the simulations the deflection angle is almost constant along the
projectile, eventually somewhat increasing along the length of
the projectile. It can also be confirmed that the deflection is larger
for cases with larger value of the δˆ-parameter. The examples
shown in Fig. 5 represent cases with ˆ .δ = 0 17 and ˆ .δ = 0 29. For
these cases the model (with g =1) predicts deflection angles
θ = 9.6° and 16.2°, respectively. The simulation results indicate
angles of about 8° and 13°, which means that for these two cases
the correction factor g is on the order of 0.8 and the relative
effectiveness of the cases follows the assumption.
The results from the set of experiments with increasing value
of the δˆ-parameter, constant magnitude of plate velocity vplate
and RHA steel plates are shown in Fig. 6. The figure verifies
that the break-up tendency of the projectile increases with
(a) (b)
Projectile
Plate
Plate
Projectile
Fig. 4. Set-up of the numerical models used. (a) Simulations that reproduce the
experiments, exemplified by a projectile (grey) impacting an oblique plate
(brown) with tplate/d = 1. The plate has reinforcements at the edges to represent
the attachment in the sabot in the experiments. (b) The guillotine model with a
rigid projectile (grey) impacting the plate (brown) perpendicularly.
11.4º 13.0º
8.0º 8.0º
(a)
(b)
Fig. 5. The momentary deflection of the projectile segment during the passage of the sliding plate, evaluated from numerical simulations. The angle of the deflection
θ is measured at two instants in two cases. (a) ˆ .δ = 0 17 (vplate = −300 m/s, vproj = 2500 m/s, tplate/d = 1.75) and (b) ˆ .δ = 0 29 (vplate = −200 m/s, vproj = 1500 m/s,
tplate/d = 1.0).
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increasing δˆ-values and shows that the limit for severe
break-up of the projectile during these conditions (this projec-
tile and plate materials) is above ˆ .δ = 0 13.
5.2. Influence of plate velocity on the contact force
The plate velocity influences the break-up tendency of the
projectile to a large extent as it is a variable in the expression for
sliding velocity. In addition, the plate velocity can have influ-
ence on the magnitude of force that is transferred to the pro-
jectile. The presented model does not consider such an
influence; instead the contact force is determined by the
un-deformed plate thickness and the cavity expansion power.
The guillotine-model was used in order to evaluate the appro-
priateness in using that assumption. Results from these simu-
lations are shown in Figs. 7 and 8.
Fig. 7 shows the stress distribution in two section planes in
the plate when a rigid projectile is forced into the plate of
reference steel with velocity of 200 m/s. It can be seen that the
plate mid-surface stress is about the same over the entire pro-
jectile circumference (the upper half that is in contact with the
plate) and varies only slightly over the un-deformed plate thick-
ness. The simulation predicts a considerable enlargement of the
contact area in the thickness direction. The maximum contact
pressure in the simulation is about 2.4 GPa which coincides
with the evaluated cavity expansion pressure sC GPa= 2 4. for
the RHA plate material.
An evaluation of the transverse force as a function of pen-
etration depth is shown in Fig. 8 for penetration velocities in the
range of 100–300 m/s. After an initial on-loading phase all
cases end-up around the same constant value, as predicted in
the model. This value F dtx eff GPa( )≈ 3 2. is higher than the
theoretical value sC GPa= 2 4. which presumably is a result of
the enlargement of the contact area.
Fig. 9 shows the corresponding results; transverse force as a
function of time, evaluated from the simulations with the entire
model of the projectile–plate interaction for cases with constant
ˆ .δ = 0 17 and vplate m s=100 , 200 m/s and 300 m/s (note that
in this case v vtrans plate= sinα , i.e. slightly less than in the guil-
lotine model: 87 m/s, 173 m/s and 260 m/s). These results show,
contradictory to the results from the guillotine-model, that
both in the case of backwards and forwards moving plates,
the transverse force increases with plate velocity. Also, the
magnitude of force is slightly higher for the backwards moving
Fig. 6. Experimental results sorted by increasing value of the δˆ-parameter of
the test cases. Each test result includes the geometry and position of the
projectile before impact and at three (in some tests two) different times after
perforation of a moving thin oblique plate. All the experiments were performed
with RHA steel plates with plate angle 60°, magnitude of plate velocity
200 m/s, and projectile L d = 30, while the direction of the plate velocity
(backwards or forwards moving plate), plate thickness and projectile velocity
were varied to achieve increasing δˆ-values. The pictures are evaluated from
X-ray registrations.
(a) (b) (c)
Fig. 7. Result plots from numerical simulations with the guillotine-model
50 μs after impact. Plate velocity 200 m/s and the reference steel as plate
material. (a) Geometry of projectile and cavity in the plate, (b) von Mises
stresses in the midsection of the plate parallel and perpendicular to the sym-
metry axis of the projectile, (c) third principal stress in the midsection of the
plate parallel and perpendicular to the symmetry axis of the projectile.
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
P/d
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
F x
/(D
·t 0
)/G
Pa
100m/s
150m/s
200m/s
250m/s
300m/s
Fig. 8. Influence of plate velocity on the transverse force evaluated from
numerical simulations with the guillotine-model. Plate velocity 100–300 m/s.
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plates than for the forwards moving plates at comparable plate
velocities. It can be seen that there is a delay in contact for the
forwards moving plates compared to the backwards moving
plates, and that the duration of contact is longer in the case of
backwards moving plates. The differences in contact for the
forwards moving plates compared to the backwards moving
plates was discussed in more detail in Ref. [3]. The delayed
contact between the projectile and penetration channel in the
plate in the case of forwards moving plates can be seen in that
analysis where constant projectile velocity was used. In addi-
tion, in the cases studied here, the projectile velocity for the
forwards moving plates was higher than for the backwards
moving plates in order to achieve the same δˆ-value. An
increased projectile velocity results in a larger crater in the plate
and a further delay in contact.
The faster contact and longer duration of contact for the
backwards moving plates give rise to a larger rotation of the
projectile in comparison to forwards moving plates for cases
with the same δˆ-value. This results in an enlargement of the
contact area and consequently an increased transverse force.
Some additional simulations with a rigid projectile that was
enforced not to rotate were performed for evaluation of this
phenomenon. Fig. 10 shows that the normalized contact force
for backwards moving plates with velocity 300 m/s decreases
from slightly above 4 GPa to about 3.2 GPa (similar as in the
guillotine-model) in the simulations with a rigid projectile. In
the case of the forwards moving plate the rigid projectile
increased the normalized force which results in almost the same
force (3.2 GPa) as for the backwards moving plate.
The larger contact area in the case of backwards moving
plates than for the forwards moving plates (that we identified
origin from the rotation of the projectile) can be seen in simu-
lation plots of the geometry 50 μs after impact (Fig. 11, left).
This difference is however less pronounced than the difference
in contact area due to the magnitude of plate velocity. A sig-
nificantly larger contact area can be seen in the cases of
vplate m s= 300 than in the cases of vplate m s=100 . This
enlargement is due to the created strip and widening of
the crater in the plate at increased plate velocity. Some experi-
mental results that confirm the difference in contact area with
plate velocity are shown in the right of Fig. 11. In these
experiments the same plate velocities, vplate m s= 300 and
vplate m s=100 , as in the studied simulations, was used but
the projectile velocity and plate thickness were constant, which
means that the δˆ-parameter varied. In the cases of backwards
moving plates, the projectile has passed the plate while in the
cases of forwards moving plates the projectile is still interacting
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Fig. 9. Influence of plate velocity on the transverse force on the projectile as
function of time from impact of the oblique moving plate, evaluated from
numerical simulations with the entire model of the projectile–plate interaction.
The projectile velocity were varied to achieve ˆ .δ = 0 17 in all the cases.
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Fig. 10. Influence of the rotation of the projectile on the transverse force.
Comparison between simulations with the entire model with a free flying
projectile (A, C) and a rigid projectile enforced not to rotate (B, C). BMP
denotes backwards moving plate, FMP denotes forwards moving plate. Plate
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Fig. 11. Difference in contact area between projectile and plate due to plate
velocity. To the left: The geometry of the penetration channel in the plate 50 μs
after impact, according to numerical simulations ( ˆ .δ = 0 17). To the right: X-ray
registrations from experiments with the same plate velocities, ±300 m/s and
±100 m/s but constant projectile velocity and plate thickness (varying δˆ). In the
cases of backwards moving plates, the projectile has passed the plate while in
the cases of forwards moving plates the projectile is still interacting with the
plate. As it is difficult to observe the details in the X-ray pictures, the plate has
been manually high-lighted with a pink line.
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with the plate. Although these variations, the differences in
contact area can be seen as there is a strip of the plate in both
cases of vplate m s= 300 but in none of the cases with
vplate m s=100 . The importance of the strip has been dis-
cussed in Ref. [11]. A model for the change in contact area due
to plate velocity has not yet been suggested. One alternative
could be to let teff be a time dependent function.
Fig. 12 shows the result from the experimental series that
was performed in order to illustrate the influence of the plate
velocity when the δˆ-parameter was kept constant and compa-
rable results from the numerical simulations. In order to facili-
tate the comparison between the experimental and simulation
results, only the first time registrations from the experiments are
shown. Note that the rotation of the projectile fragments after
the break-up is strongly dependent on the exact location of the
fracture, which means that small errors in the predicted fracture
location generate apparently large differences in the global
response between the simulation and experimental results. The
results in Fig. 12 indicate an influence of the plate velocity on
the break-up tendency of the projectile, although a minor influ-
ence. As further studies of the enlargement of the contact area
as a function of plate velocity are required, the assumption in
the model is that the contact pressure is independent of the plate
velocity.
5.3. Influence of plate material
Fig. 13 shows experimental results that illustrate the influ-
ence of plate material on the break-up tendency of the projec-
tile. The plate angle, plate thickness, magnitude of plate
velocity, projectile velocity and projectile slenderness were
nominally the same in all cases, while the strength of the steel
plate material was increased by factors of 2 and 2.5 approxi-
mately. The values of the cavity expansion pressure sC,
2.4 GPa, 4.2 GPa and 4.7 GPa respectively for the three differ-
ent plate materials, increased the δˆ-value from 0.06 to 0.11 for
the backwards moving plates and from 0.13 to 0.25 for the
forwards moving plates. Both in the case of backwards moving
and forwards moving plates, the break-up tendency seems to
increase with the strength of the plate material.
Fig. 14 shows the results from simulations with a high-
hardness steel plate in the guillotine-model, similar to those
presented in Figs. 7 and 8 for the reference steel plates. As for
the reference, the plate mid-surface stress is about the same
over the entire projectile circumference (the upper half that is in
contact with the plate) and varies only slightly over the
un-deformed plate thickness. The enlargement of the contact
area in the thickness direction looks different in the case of
high-hardness steel compared to the reference steel. In this case
the strip does not contribute as much to the contact force as for
the reference steel plate. The maximum contact pressure in the
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Fig. 13. Influence of plate material on the break-up tendency of the projectile.
The pictures are evaluations from X-ray-registrations. In all cases the plate angle
was 60°, plate thickness equal to the projectile diameter, magnitude of plate
velocity 200 m/s, projectile velocity 2000 m/s and projectile L/d = 30, while the
direction of the plate velocity (backwards or forwards moving plate) and the
strength of the plate material were varied.
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simulation is about 4.2 GPa for the high-hardness plate material
which coincides with the evaluated cavity expansion pressure
sC = 4 2. GPa. The diagram shows that the transverse force nor-
malized to the original projected contact surface ends-up
slightly above 4 GPa for the high-hardness steel in good agree-
ment with the model. The consistency with the model in this
case is probably due to less contribution from the enlarged
contact area.
Results from numerical simulations of the experiments with
the reference steel and the high-hardness steel are shown in
Fig. 15. Also in these simulations the difference in the shape of
the cavity between the two materials can be seen. In the high-
hardness steel the strip gets separated from the plate, while in
the reference steel the strip is a part of the cavity. The amount of
damage in the projectile can be seen in the lower pictures in
Fig. 15. As in the experiments, the simulations predict a more
fragmented projectile when high-hardness steel is used in the
plate, consistent with the predictions in the δˆ-model.
5.4. Influence of projectile material
The only projectile material property considered in
the model is the density, which influences the projectile
inertia. In the model we have assumed that the envelope
surface of the projectile will not be deformed. This is
confirmed in all the experiments with long rod tungsten
projectiles.
It is however obvious that a projectile made of a more
brittle material will be more fragmented than a projectile made
of a more ductile material, and also that a projectile made
from a low-strength material could be deformed at the sliding
interaction surface. The model is consequently only valid for
projectiles made from high-strength materials, which applies
for common KE projectiles. In Ref. [12] two different tungsten
alloy projectile materials with approximately the same strength
but different ultimate strains were tested against oblique plates
and the behaviours of the projectiles after interaction with the
plate were compared. The study showed that the projectiles
made from a more brittle material were more fragmented
than the more ductile ones, but the overall effect of the
interaction with the oblique plate was roughly the same. That
means that the critical value of the δˆ-parameter for severe
break-up of the projectile will be less for the brittle projectile
but that the influence of the different plate parameters will be
the same.
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Fig. 14. Results from numerical simulations with the guillotine-model 50 μs after impact. Plate velocity 200 m/s and the high-hardness steel as plate material. (a)
Geometry of projectile and cavity in the plate, (b) von Mises stresses in the midsection of the plate parallel and perpendicular to the symmetry axis of the projectile,
(c) third principal stress in the midsection of the plate parallel and perpendicular to the symmetry axis of the projectile, (d) influence of plate material on the
transverse force.
Fig. 15. Results from numerical simulation of the experiments with different plate materials. Projectile velocity 2000 m/s, plate velocity −200 m/s, d = 3 mm and
tplate/d = 1. To the left: SIS 2541-03M plate. To the right: Armox 600T plate. Above: The geometry of the strip in the plate 50 μs after impact. Below: Damage in the
projectile 150 μs after impact.
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6. Conclusions and discussions
The suggested model indicates which parameters have the
largest influence on the break-up tendency of the projectile
during the sliding interaction between the projectile and the
plate. It has been shown that the tendency for fragmentation of
the projectile increases with the strength, thickness and obliq-
uity of the plate and that the sliding velocity should be as low as
possible, i.e. a high-velocity forwards moving plate (negative
velocity) is beneficial while high-velocity of backwards moving
plate (positive velocity) is a disadvantage. For the projectile, the
risk of fragmentation due to impact from a moving target com-
ponent decreases if higher density, larger diameter or higher
velocity is used. The velocity of the plate and the projectile has
larger influence on the break-up tendency than the other param-
eters (inversely proportional to the square of the sliding veloc-
ity, while the other parameters have a linear influence).
The presented model considers only the sliding part of the
interaction event. The erosion of the front part of the projectile
during the impact phase, and the short delay in subsequent
contact, is not considered in the model. This means that the
model is most useful for projectiles with large L/d. For long-rod
projectiles however the sliding interaction is the dominant inter-
action phase. Also, the model is only valid for projectiles made
from high-strength materials, which applies for common KE
projectiles.
The change in contact area during the interaction is not
included in the model. This means that there is an influence of
plate velocity and plate hardness that has not been considered.
The model can be developed in this matter by finding an expres-
sion for the influence of these parameters on the effective plate
thickness teff .
There are also other types of influences on long-rod projec-
tiles than the break-up tendency that could be beneficial in
armour application, such as deflection and large permanent
bending of the projectile. These kinds of influences are not
addressed by the δˆ-model. However it can be seen from the
experimental results presented in Fig. 6 that thick armour plates
result in large bending and deflection of the projectile. The very
large bending of the projectiles that has been seen in some of
the cases (both in experiments and simulations) is surprising as
the projectile material is a quite brittle tungsten material.
Detailed studies of the interaction by numerical simulations
show that this is possible as the bending tensile stress is sup-
pressed by the pressure from the plate interaction. Large
bending, deflection and side translation of the projectile can
increase the protective effect of the projectile break-up (as it
prevents the fragments from hitting the same area of the target)
and can also contribute positively to the protective effect of a
non-fragmented projectile.
The model postulates that increased δˆ-values means a larger
number of fractures of the projectile, based on the momentary
deviation that occurs when the plate passes a projectile
segment. Although the fracture originates from the momentary
deviation, it occurs a while after the plate has passed. A short
deflected fragment can often be seen in the front and back of the
projectile, where there is less inertia from the short end of the
projectile. These fractures seem to be due to bending. In the
dominant part of the projectile, where the inertia prevents per-
manent bending, there seems to be a combination of re-bending
and shearing failures. The exact position for the fractures is
probably a combined effect of wave propagations and unload-
ing due to previous fractures.
It is not possible to achieve detailed information of all the
effects of the complex interaction between moving armour
component and the projectile with the use of a simple analytical
model. However the presented model is well validated and can
be used for the first approximations when optimizing a reactive
armour within certain restrictions such as for instant weight
limitations, maximum allowed mass of high explosives, etc.
The model could also be a part of a vulnerability assessment
tool.
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